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AN INVISTIGATION OF DIFFUSIR-RESISTANOE COMBINATIONS
IN DUCT SYSTEMS

fﬁy Oharles H, McLellan und'nark:n. Nichols-
SUMMARY " o .

An invéstigaetion was conducted to determine-the
properties of diffuser-reeletance combinadtiohs. This
vork appliee to the design of airplane cooling ducts in
which eir 1s expanded 1d froant of resistancese; such as
redlators, 01l cooclers, iIntercoolers, or the cylinders of -
an edir-cooled engine. The megnitude of the resistence
pnd the bourndary leyer present a1t the -entrance of the dif-
fuser were systeretically varied for each of e series: of
diffuser shapee for expansion ratlos of 2:1 end 3:1. The-
effects of thess varilations on the diffuser~resistance eof-
ficlenciea, on the diffuser efficiencies, and on the ve-
locilty distribdbntlons scross the resistences were studled.

Good diffuser shapes were determinad for a wide range of
conditions.

The restlte show that the pressnse of e reqistanoa
at the rear of & diffuser allcwe the expansion to be made
much more rapidly for a given expsnslion energy loss thgn
is possible with a diffuser dischoerging into e etreight
exlt tube. The greater the resistance, the higher is the
expanslon rate that ocan be used for a specified expansion
energy loes. The results also -show the large effect of
the eatrarnce boundery layer. The initial increments
cauge a rapid decreass in the diffuser effliclency ob~
tained by a given diffuser shape. Further ;ncreaaes have
little additional _effect. o .o K o a

-INTRODﬁUEIGN-

Inoorporated in a: modern airplane ‘are a great many .
ducts that convey air to hest exchangers, compressors’,
carburetors, and similar devices.- It i1s ‘alwanys neceassary
in this process to increase or deorease the air velogity
as the occsesion demandu. To increase:the" velocity 1n an
efficient menner is a simple matter; dut- to decrease 1t
efficiently in actual airplene installations is often




more difficult because there ususlly is insufficlent
space to house diffusers of the low expansion rates com-
monly considered to be deslrabdble.

A number of methods of increasing.the rates of ex-
pension heve been tried with verying degrees of success,
such as the use of venas or boundary-layer control, For-.
tunately, high retes of expension may aleo be used with
good efficiencies by taking advantage of the resistances
to the flow impoesed by a hest exchernger. Thle arrenge-
ment eliminates the nesessity of using guide vanee or
boundary-layer control,

In experiments conducted severel years ago eat
Langley Memorial Aeronauvical lLaborstory with a duct sup-
plying alr to a radiator, 1t was discovered that the flow
did not separate from the diffueer in front of the radia-
tor even though the expansion rste was unusually high,
This finding suggested the preersent baslc investlgation
for determining the propertiss of diffusers followed by
resistances,

Thie investigation was limited to conlcal diffusers
of expanslon ratioce of 2:1 snd 3:L. B8ix resistances hav-
ing conductivities renging in magnitude from that of a
redial engine t0 a rasdlator were covsred. The diffuser
shapes and the rates of expanslion were veried through
wide ranges. The effect of an initial boundary layer of
various thicknesses was als0o studiled.

APPARAT?S AND METHODS

. The tests were conducted with a bPlower that sucked
alr 'successively through an entrance tube, a &iffuser, a
resistance, a damping chamber, and a venturl for measur-
ing the quantity. (See fig. 1.) BSucking the sir through
the system allowed the condltlon of the alr at the en-
trance of the diffuser to be determined by the entrance
tube alone. The thickness of the boundary layer at the
beginning of the diffuser wes a function only of the
Reynolds number, the entrance—tube length, and the smooth--
ness of the entrance tube.

The Reynolds number of theee tests veried between
260,000 and 600,000, based on the diameter of the en-
trance tube. .



Preliminary tests indicated that the effect of tube
length on" the behavior of the-diffusers was qulte notice-
able for tubes of 6 dlameters and less in length; longer
tubes had little mdditional effect. The length of the
entrance tubes was therefore confined to lengths ranging
between 0,12 and 6 dlameters. The free air wae sllowed
to flow into the pipe with thé ald of & well-rounded en-~
trance bell.

.Ths diffuser shapes (fig. 2) were formed of plaati-
cine. Preliuinary tests were made ueing a large variety
of sheres, bat these shapes were later limited to a few
types that were found to be satisfastory.’

A series of interchangeable escreens (table I) were
used to reprosent the resistances encountered in alrplane
desizn., This arrangement satisfactorlly repressntas te-
slstances that have a serles of alr passages parellel to
the direction of flow. (Most radistors and oil coolers
ere of this type.) These resiastences mey be represented
by a scoreen because little redlal flow can take place
through either the screen or the resletance and the ve-
looity distributlion ie the same at the rear as at the
front of the resistance in both ceses.

Resistances such as 0il coolers have often been rep-
regsented by a serles of screens spaced over the actual
length required by the resistence. 8uch an arrangement
does not represent the actual flow through the resistance,
88 radial flow can take place between the layers of
screen and the veloclty dlstribution is dlfferent at the
rear of the resistance than at the front, Some types of
reslatances cannot be represented eatisfactorily by
screone whether they are all in one plane or distriduted
over the length of the space required by the astual re-
sistance. A . resistance of this type is the tudbuler inter-~
cooler, in whioh the center line of the intercooler tubes
is perpendicular to the direction of the cooling-air flow.
In thie case the resistance itself allows flow perpendic~
ular to the duot axis through the resistance.

After paseing through the resistance, the air passed
through a short length of straight. tube and then into a
damping chamber., (Eee fig. 1.) The purpose of this cham-
ber which consisted of a conical expaneion with a scoreen
at the largest diameter and & converging section direocting
the alr to the ocalibrated venturi was to demp out any os-
clllations in the air before it reached the calibrated




venturl used to determine the quantity of flow. A con-
gtant calibretion of the venturl was maintsined by the
use of thia damping chamber.

In o“der to obtaip the efficiencies of the gystem it
was necegssry t0 measure the total sand statlc pressures
both before the expansion and after the resistance. (See
fig. 2.) The total snd static pressures were not me~e-
ured at the front face of the resistance because sccurate
measurements could not be obtailned at this point.

The totsl-pressure survey before the diffuser was
made with a fine wedge~shaped total-pressure tube with an
opening of sbout 0.005 by 0.05 inch and an outeide size
of 0.010 by 0.06 inch. Thie inatrument allowed totsl-
pressure mersurements to be taken within 0,005 ineh of
the wall. The exact location of the total-preasure tube
vwas determined by a micrometer ecrew ams it treversed the
entrance tube. In most cerees the statlc pressure in the
entrance tube wns mersured dy surface orifices in the
tube. This method wes sufficlently accurete %0 be u=ed
ir determining both the veloclity distribution of the dif-
fuser entrance and the entrence-tube losses even for the
gshort entrence tubes since the large entrance bells
caused & nearly uniform induction of the 2lir into the
entrance tube.

The total and estetic pressures behind the resistance
were measured by a stetionary rske conslsting of five
static tubes snd nine total-pressure tubes and extending
from the well to the center lline of the exit duct. A lo-
cation 1 inch back of the screen was chogsen becpruse the
veloclty dietribution here would be, for all prectical
purposes, -the same as the distribution immediestely in
front of the resistance. A rske closer to the resistence
might heve been influenced by the individual wlree of the
gcreen.

ANALYSIS

Symbols

The followling symbols sre, used:
A area of duct section

d dismeter of entrance tuve
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diemeter of duct

‘total pressure """ "~ T " T

conduotivity of resistance’

length of entrance tube
statioc pressure

pressure drop acroes resistance for given quantity
of aly transmitted per unib time for uniform flow

dynamic¢ pressure

quantity of alir passing through duot eseotion per
unlt time . . .

radius
radius of duct

redius between entrance tube and dlffuser cone
(See fig. 2.)

radins between-conicel portion of diffuser aand front
of resistances (See fig. 2.) .-

velocity.of-alr

veloclty at center of duct

mass density of ailr
equivalent diffuser cone angle (See fig. 2.)

diverging angle ‘of strai Wt conicel section of
diffueer (See fig. 2

diffuser effioiency

diffuser~resistance sfficiency

An average value obtained from an integration against the
quantity of flow across the stresm ia shown by a dbar
above the symbol. Subsecriptse 1, 8, and 3 refer to the
corresponding sections in figure 2,



Derivation of Formulas '
The coefficlent 1, represents the efficiency of

the conversion of kinetic energy of the alr ‘entering the
diffueer to potential energy. From thls definition the
efficlenocy 1sa .o -

Qa Qo
.J_[. PadQj "I P14,
2 Qa
[ 1,4Q; t[ q2dQ3

When the emall change in alr density due to tne expansion
is neglected and aversge pressures are subatituted for
integrated preserures, the efficiency becomes

Ng =

Pz - P
T oe—
9, - 42

The coefficient ﬁt is ai over—-all ef ficiency of

the expansion-resistance system. The useful work of the
system 1s regarded aes the work expended in forcing the

alr through the resistesnce for uniform flow. The work ex-
pended 18 the loss in energy of the alr from the entrsnce
of the diffuser to the rear of the resistance.

Therefore,

ADy 3y

b

n =
;a - d
'jO ! Jo —3- e 3

or
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The oconduotivity ie e flow coefficlent defined sse

o L. - m e .t - - LR

and since Q = 137;

k - .B' Ez/bpr

The ratio of Ap,/q; 1is frequently used in place of the

condictivity. The relation between Appe/d3 and X 1is
shown .in figure 2, .

Oonversion of ng to mn,

The diffuser efficlency Ne- could not be directly

obtained in these experimente because of the diffloulties
involved in obtaining measuremente of. pressures direatly
1a front of the resietance, A mathematical method was

therefore devised to obtain N, from 'ng, the over-all

eff;cienoy of the system., The relation between these two
efficlencles was found to be

n-.l 1 -ng
. o - ™ a )
ntza[(33/11) ~1if

The conversion chart (fig. 4) was developed from this re-
lationship,

Thie conversion method is based on-the. assumption

"that the pressure drop across the resistance is the same
under teet oonditions as it would be for uniform flow,
The oonversion. therefore, is inaccurate where the veloao-
ity distribution through the screen is nonuniform.. The
. diffuser efficlienclies obtained by this conversion method

vhen the veloclty distribution 1s poor will be lowver than
: the actual efficiencles, Fortunately, ell the diffusers
' except thoase with very high angles and ®ith large values
of conductivity for the 3:1 expansion ratio had .good




veloolty distributions through the resistance. The.error
incurred in using the conversion ohart or the equatlion is
therefore very small except in the few cases Just men-.
tioned.

RESULTS AND DISCUSSION

The velocity distribution or boundary-layer thick-
ness at the eatrance of the diffueser for the various
lengths of entrance tube are shown in figuree 5 snd 6.
The length of the entrence tube had a conasliderable effect
" on the diffuser-resistence effioclensy, ss ia clerrly
‘shown in figure ?:; The efficiency decrensed very rapidly
at firet as the entrance length wss incressed hut, as the
length became grester, the effect of length on efficienoy
became esmaller. At a length of about six times the dlam-
eter of the entrance tube the seffect of further increase
wos negligible., Apparently, the initlial boundery layer
wvas the moest detrimental and further lncresse 1n thick~
ness had 1little effect.

-The oonductivitj of the resistence is one o0 the
main ‘variables affécting the éfficiency of the diffuser-
resiatance system. Decressing the eéonductivity increases
the efficiency in two weyes. Firsgi, it csauses an improve-
ment in the diffuser efficliency because the damming-up
effect of the stream due to the resistence results in
spreading the etream and retards separation; end, second,
it raises the pressure drep escroess the entlire systen,
thus making the losses in the diffuser malone & smaller
portion of the total losses across the diffuser-resist-
ance system, The second effect, of course, 1ls algebdbrailoc
and does not 1ndicate an improvement in the flow of the
diffuser. The effects of the conductivity on the maximunm
diffuser-resistance efficlenoy are shown 1ln detall 1in
figures 8 and 9,

The values of the conductivity K for eeveral of
the ‘resistances’ encountgred in éairplene instsellatlions may
be of interest. Oil Goolers and radistors have values of
the order of 0.4 while intércoolers ere usually ian the
neighborhood of 0,2, HNodarn two-row radial elrcraft
engines of 1000.to 2000 horsepower have K values rang-
ing from 0,10 t0°'0.,17, based on the over-all dilsmeter of
the engine, 1I1If.these .X values are based on the ‘portion
of the frontal area of the engine through which the cool-
ing air peasses, these values would range from 0.36 to 0.4,




The most importsnt variable, the only one.over which
much control can be hed in actual installations, 1s the
diffuser shaje. " In this investigation- the diffuser shaepe
was defined by three quantitiee: a radius R, at the

entrance of the diffuser. an angle 2B of & cone tangent
to Ry, and a radius R3 tangent to the cone through

the intersection of the diffuser with the largs diameter
exit tube. (See fig. 2.) At high angles the conical
section disappeared and Rd became tangent to Ry.

The radius et the diftuaer entrance wae found to
have only a emall effect. ¥From the tests mede, appsrently
the only requirement of R,; 1is that it should be large

enough- to remove the abruptness of the corner. " The value
used wes found to eatisfy this requirement.

A study of the requirements for Ry - indicates that

8 value should be used which would keep the diffuser walls
within the region influenced by the high static pressure

immediately in front of the resistance. . The value of the
Ry used was obteined from a series of tests which showed

that a value of about C.33D; was epparently elightly
better than the other radii teated. This value gave
satiafectory results until the diffuser became so short
that the beginning of the curve was very abrupt., Beyond
this point R3 wes allowed to be equal to 0.167D,.

The angle 28 of the cone hed a large effect on the
diffuser~resistance efficiency. This effeoct is shown in
figures 10 to 13, TFor a given effective sngle, conduc-
tivity, and expansion ratio, the efflciency was plotted
egeinst the cone angle 2B. These curves show that the
meximum poepible valus of 2B produced the highest effi-
clengy et low effective angles. At larger effective
angles the efficlency was found to be a maximum at values
of 2B considerably below the effective angle 38. These
curves also show that the loeses in over-all efficiéncy
are not large if 28 - 1s varied ‘slightly from the value
for maximum efficiency, except et high.conductivities.-

Figures 14 and 15 show the diffuser shapes that pro-
vided the highest efficliency of the onee tested. These
shapes were obtained from mn extensive preliminery inves-
tigation and are believed to have very-nearly (4if rot
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actually) the maximum efficiency that can be ottained
without the use of diffueers embodying boundary-layer
control or other sids to diffusion.

The veloclity and-stetic-pressure distributions im-
medistely behind the resistance are shown in figure 16
for sample cases of the optimum diffuser forms presented
in figuree 14 end 16. The veloclty-dlstributlion meeesure-
mente show that the flow wes nearlyv uniform through the
resletance in 8ll Lut a few cases Iin waich the conducti-
vity wes high and the expansion wes made at ' a high engle,
guch as the two conditiorns of high conductivity (K of
neerly 0.6) shown in figure 16(e) for 20 = 64.8° and
Ag/Ay = 3. The velocity-dlstridbution curves were very

good for all the reglstences used with the dlffueser forms
shown in figures 14 and 16 that had exprnsion engles less
than 30° end were also very good for the high-angle dif-
fuser forms teated in conjunction with the high~resigtance
gcreens. The gtatic distribution plots show that there

18 1little radial flow through the screens, even at high
conductivities, and that this flow becomes less and less
as the conductivity is decreased. )

It mey be noted that the velocity distributione 1in
figure 16 do not average exactly one largely becanse the
average veloclty is calculeted from the dynamic prescsure
in the calibrated venturi rather than from the integrated
everage of the local velocitles,

The efficlencles of the diffuser~resistance combina-
tions are presented 1in figurea 17 and 18 for the two ex-
panelion ratios. Those for the 2:1 expension retio are
very high at low effective anglee. No appreclsble de-
crease ocours for angles up to about 30°, except for the
conductivity of 0,6 with o long entrance tube (thick
boundary leyer at the diffuser entrance). At angles
above 30° the efficienciee drop off considerably for the
hicher conductivities; dbut for K = 0,2 +the efficiencies
remeln above 95 percent over the entire range tested.
This result, of course, does not mesn that the diffuser
efficlencies will be high but thst the diffuser losees
will be very emall in comperison with the losses acroass
the resistance.

The efficiencies of the 3:1 expanelon ratlio are af-
fected approximately the same by the severasl varlgbles,
All the efficliencies Aare considerably lower, however, thsn
the efficlenclies of the 2:1 expansion ratio for ocorres-
ponding conditions.
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under sll conditionasa,
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The effect bf the resistance on the &iffuser-alone

‘efficiency-ie partly-shown in figuree 19 ahd 30, The

results with both the 2:1 end the 3:1 expansiaqn ratios
show condiderably higher diffuser officiencies_with low
values of K than with high values, as would be expected,
The difference, in genéral, is greater at high angles
vhere the diffuser losses are greater. With the 2:1 ex~-
pansion ratio the effect on the efficlency of changing K
was much less when the ‘boundary layer was almost zero in
thiockness. The results with the ‘3:1 expansion Tratlo
showed conelderable effect of changing the resistance

‘

.An ‘indication of the improvement in diffuser effi-
clencies due to the preesencé of a resisteance can be odb-
talned by comparing the present results with those glven
by Petera (reference 1) and Givson {reference 2). This
comparison ie shown in figure 21. Though some difference
in the .efficlenclen may be dus to differences in the test
conditione, most of 1t is undonbtedly due to the presence
of the resisetence et the exit of the diffuser on the-=e
teeats. It should be pointed out that the initial bound-
ary-lsyer conditlions are unknown for the ‘tests of refer-
ences 1 and 2, whereas the present efflciencles correepond
to the condltlon of the thickest boundary layer obteined.

In figure 21 -an inconsistency may be noted in that the
efficlency of the diffuser is lower st high asngles for the
2:1 expension ratlio than the 3:1l expsnsion ratido when the,
conductivity 1s 0.2. Unfortunately the soccuracy of the
curve is poor at extremely low values of K with an ex-
pension ratio of 2:1. A study of the conversion equation
shows that, at low valnes of X and A43/A,, eny error in

‘the over-gll efficilency is multiplied many times in con-

verting 1t to diffumser efficiency. At higher valies of
Aa/Al eand K the accurany of the conversion process Be-_
comes .very good. . . . . '

SUGGESTED METHOD FOR DXSIGNIKG DIFFUSERS IN FRONT OF

RESISTANCES IN AIRPLANID DUCTING SYSTZMS

-

The length of the diffuser is ob¥viouely the most im~
portent coneideration in 1ts design; great care should
therefore be exerciged in locating the various heat ex-
changers, compressors, and similsr devices so that suffi-
clent diffuser lengths may be obtained to insure efflicient
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flow, 1f the various unite can be so locested that contocal
diffueers of approximately 7° included angle may be uti--
lized, the systen will he ebout as efficient as possible,
(See reference 3.) If the space avallable does not allow
e 79 conical diffuser to expand the air the required
emount, as 1s usvally the case, the followlng layout pro-
cedure is esuggeeted for the case where.a resistance fol-
lows the diffuser:

(a) ZLay out a 7° or 8° conic diffuser, starting
from the duct entrance. (See fig. 22,)

(b) Lay out a cone of, say, 20° neing the resistance
es the base and projecting the elements back until- they
intersect the 7° or 8° entrance cone.

(c) Oheck restio of duct area at resistance to that
st intersection of 7° end 20° cones. If this expansion
ratio ies less then 3, the diffuser 1s within the ecope of
these teste and is consldered to be satisfactory. Draw
in diffuser in detell, according to figuree 14 and 15,
The value of 1/d ueed should correspond to the thickest
boundary layer encountered et any point at the entrance
of the diffuser. Thus, a diffuser close to the entrance
of & wing duct could use a low velue of {/d. On the
other hand, a diffuser close t¢ the entrance of an under-
slung fuselage duct would usually requlire 2 high value of
1/é& beceuse of the thick boundary layer present at the
side next to the fuselege.

A certein amount of latitude may be exercised in the
design details to suit the case in gquestion, Tor in-~
stance, most duct pasesges in actuel installations will
not be oclrcular in cross section. Altkough a great deal
is not knowu about the behavior of diffusers other than
those with circular croee sactlione, 1t geems reasonable
that the rate of expansion should be slightly lese for
other cross sections especielly for rectsngular ducts
where the air in the corners 1s actually expanding at a
much greater rate than the air along the center of the
sldes.

A possidbllity suggeeted in reference 4 for diffusers
located immedistely behind an entry in which the entrance
velocity 1s less then free—stream velocity ie that of
using ahigh rate of expanelon Just back of the entrance,
thereby taking advantage of the initial divergence of the
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streamlines at the entry., When the entrance remains lined
up with the direction of the approachlhg alr stream, a
high angle of divergence can probably be used with good
efficlency by taking advantage of this effect,

OONOLUSIONS

v -

-~

The results of this inveatigation {ndicated that:

1. The presence of a. resistance at the exit of a
diffuser allowed the exnansion to be made much.more rap-
1dly for a glven axpanslon enargy loss than was possible
with a diffuscr discharging into a etraight exlit tube..
The diffuser loczes ware fzuad to remaln small for in-
cluded angles up t0 30° with conductivities up to 0.6,

3. The veloocity distridution over the face of the
reglietanceg was found tc be resrly vuiform for ell con-
dlvlono cxecapt for combinatiore ©f high expansican angles
and low resletances, whieh ocodrresponded to inefflclent
diffussrs.

3. The conductivity of the reelstance had an impor-
tant effect on the diffuser efflolency; the greester the
reslstance, the higher was the diffuser efficlensy or the
greater was the allowvable expansion angle for the same
logses,

. 4. The thickness of the entrance boundary layer had
a consideradble effect on the efficiency. The initiel in-
crements of boundary layer cdueed a rapld deoreese in the
dliffueor efficlency obtained by a given diffuser shapse.
Jurther increases had little additional effeot,

6. The oorrooct deslign of the diXffuser form for each
expanslion ratio, diffuser length, entranse boundary-layer
ocoondlition, and resietance value wss neceseary to obtaln
the highost diffuser efficlency.

Langley Memorial Aeronauvtical Iaborstory,
National Advisory Committes for Aeronautiocs,
Langley Field, Va,
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TABLE 1.. SOREEE SIZES FOR RESISTANORS

. X for
Fumber Mesh of Wire Reynolds number
Resistence of goreen diam- | of 270,000 based
screens eter |on goreen dlameter
(vires/in.) | (in.)
1 1 32 x 32 0.012 0.568
2 1 55 x 60 .008 L5
a3z 1 100 x 100 .005 .315
- 1 30 x 65 .006
! 2 200 x 200 .002 .253
&5 2 200 % 16 .0C5 74
°6 1 200 x 200 .002 .163
2 200 x 16 .005

16

acompoaed. of more than one screen; the mesh of alternate
layers is rotated 45°.
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